The TRANSPEG study was a prospective study to assess the efficacy of antiviral therapy in patients with a recurrent hepatitis C virus (HCV) after liver transplantation. The influence of regulatory T-cells (Tregs) on the response to antiviral therapy was analyzed. Patients were considered as a function of their sustained virological response (SVR) at 18 months after treatment initiation. A transcriptomic analysis was performed to assess Treg markers (Tr1 and FoxP3 + ) in serum, PBMC, and liver biopsies. 100 patients had been included in the TRANSPEG study. Data from 27 of these patients were available. The results showed that the expression of CD49b (a predominant marker of Tr1) before the introduction of antiviral therapy was significantly associated with SVR. Responders displayed lower serum levels of CD49b than nonresponders ( < 0.02). These findings were confirmed in PBMC and liver biopsies even if in a nonsignificant manner for the limited number of samples. The assessment of CD49b levels is thus predictive of the response to antiviral therapy. This data suggests that CD49b may be a marker of the failure of the immune response and antiviral therapy during HCV recurrence. The assessment of CD49b could help to select patients who require earlier and more intensive antiviral therapy.
Introduction
Cirrhosis due to hepatitis C virus (HCV) is becoming the main indication for liver transplantation (LT). Cumulative studies have revealed that HCV is not directly cytopathic to hepatocytes [1] . It has been demonstrated that T helper-1 lymphocyte (Th1) or cytotoxic T lymphocyte (CTL) responses are critically involved in HCV-mediated liver injury [2] . HCV infection of the graft is universal, and graft damage is often accelerated, leading to cirrhosis in 30% of patients within five years [3] , and reduced patient survival compared to other indications [4, 5] . The mechanisms of accelerated HCVinduced liver damage after LT are poorly understood.
Viral clearance seems to be associated with persistent CD4
+ and CD8 + antiviral responses [6] . Strong Th1 activity, specific to Core, NS3, NS4, and NS5 proteins, is associated with spontaneous recovery [7] , whereas a weak or nonpersistent CD4 response is associated with a poor outcome [8] . The role of CD8 + T cells during acute infection has been clearly demonstrated [9] . Much attention has recently focused on regulatory T-cells (Tregs) and their contribution to HCV disease. The classic CD25 + Treg population, which accounts for 5-10% of peripheral CD4
+ T-cells, constitutively expresses CD25 [10] and can suppress host immune responses in the setting of autoimmune diseases, transplantation, and antitumour immunity [11, 12] . Treg also constitutively expresses surface markers such as the glucocorticoid-induced tumour necrosis factor receptor family-related Gene, GITR (CD133) [13] , cytotoxic T-lymphocyte antigen 4 CTLA4 (CD152) [14] , and the transcription factor Foxp3, which is characteristic of this subpopulation [15] . Other subpopulations of regulatory T-cell subsets, such as IL-10-secreting Tr-1 cells that express CD18 and CD49b [16, 17] , and TGF--secreting Th3 cells [18] have also been described.
There is some evidence to suggest that pathogens can exploit Treg to create a favourable immunological environment in order to escape an adequate immune response. In chronic HCV infection, the activation of virus-specific Tcells may be suppressed by CD4 + CD25 + Treg, which might contribute to the inadequate immune response to HCV. An increased frequency of CD4 + CD25 + T cells was recently found in the blood of patients with persistent HCV infection, compared with those who had cleared HCV [19, 20] . The in vitro depletion of CD25
+ T-cells results in increased HCV-specific T-cell responsiveness. It has been proposed that CD4
+ CD25 + cells contribute to HCV persistence by suppressing HCV-specific T-cell responses [21, 22] . Some studies have also shown a correlation between a reduced HCV-specific T-cell response and the secretion of TGFby liver-infiltrating CD4 + CD25 + T-cells [19] , and regulatory T-cells are able to inhibit HCV-specific T-cell activity, independently of IL-10 and TGF- [20, 21] . However, it has also been shown that functional Foxp3
Tregs are detectable during both persistent HCV infection and after recovery, suggesting that they are part of the normal immune response to this pathogen [22] . In chronically infected patients, IL-10 secreting Tr1 cells circulate concomitantly with interferon (IFN) -secreting Th1 cells, and these two subtypes of CD4 T-cells recognize the same epitopes on HCV core protein [23] , suggesting that Tr1 cells may also be implicated in HCV pathogenesis. In the postorgan transplant setting, numerous experimental studies have demonstrated that Tregs induce allograft tolerance [24, 25] . Tregs are influenced by immunosuppressive therapy; in particular, calcineurin inhibitors reduce Treg function in vitro [26] . It has also been shown that Treg levels fall significantly after LT, especially during allograft rejection [16, 27] , and that the reduction in circulating Tregs is counterbalanced by an intragraft accumulation [28] . We recently evaluated the expression and activity of regulatory T-cells and their potential involvement in the accelerated progression of recurrent hepatitis C after LT. Our results suggested that classical CD4 + CD25 + Tregs were significantly enhanced in recurrent hepatitis C and that Tr1 cells were specifically enhanced in severe recurrent hepatitis C [29] . We also found that serum IL-10 levels, characteristic of the Tr1 subset, were enhanced in patients prior to a severe recurrence, when compared with patients experiencing a mild recurrence of HCV [29] .
In the present study, we further analyzed the potential correlation between regulatory T-cells (and particularly Tr1 cells) and the response to antiviral therapy after LT. For the first time, we have shown that Tr1 levels, as evaluated by the expression of the CD49b surface marker in serum, PBMC, or liver before the introduction of antiviral therapy, were significantly lower in patients who would develop a sustained virological response (SVR). Since the determination of CD49b in serum seems to be predictive of treatment response, this new tool may be useful in the selection of liver transplant patients with HCV recurrence who are candidates for more intensive antiviral therapy.
Patients and Methods

Patients.
Our study population was a cohort of 27 patients who had been included in the TRANSPEG study, which was a prospective, multicentre study (15 French centres) to assess the efficacy of antiviral therapy after LT, designed to determine whether 52 weeks of ribavirin maintenance monotherapy following 52 weeks of combination therapy procured an additional beneficial effect in recurrent HCV infection [30] ; 101 adult recipients were enrolled, and all had proven chronic hepatitis with detectable serum HCV. Patients had to receive a stable calcineurin inhibitors immunosuppressive regimen. The 27 patients of 2 centres were included in this ancillary study.
The patients received peginterferon alfa-2a and ribavirin; after 52 weeks patients were randomized to receive either ribavirin or a placebo for further 52 weeks. All patients were followed up for 24 weeks after the end of therapy (Figure 1 ). The main time points in the analysis were baseline, 52 weeks (end of combination therapy), 78 weeks (6 months after the end of combination therapy), and 130 weeks (end of followup). The primary efficacy endpoint was a sustained virological response (SVR), defined as undetectable serum HCV, 6 months after the end of therapy.
The TRANSPEG study and the present ancillary study were approved by the Ethics Committee (CCPPRB) of Rennes (France). All patients gave their written informed consent before undergoing any protocol-related procedures.
Serum samples, available only from 27 patients enrolled in the TRANSPEG study, were evaluated for Treg transcriptomic analysis, and peripheral blood mononuclear cells (PBMCs) and liver biopsies were also available from some of these patients.
Transcriptomic Analysis.
Transcriptomic analysis was performed on serum samples, PBMCs, and biopsies; using this technique on a large panel of genes, we had previously found a correlation between the liver, PBMC, and serum regarding the transcription of 219 genes [31] . Serum samples were analyzed at baseline, before the beginning of the treatment, at 12 months (end of the course of ribavirin and pegylated interferon), at 18 months, and at 30 months (6 months after the end of second therapeutic cycle) (Figure 1 ).
RNA Extraction.
Total RNA was extracted from frozen liver biopsy samples and PBMCs using the RNeasy midi kit (QIAGEN, Courtaboeuf, France), as described by the manufacturer. In summary, samples were first lysed and then homogenized. Ethanol was added to the lysate to provide ideal binding conditions. The lysate was then loaded onto Figure 1 : Design of the TRANSPEG study. All patients received Peginterferon alfa-2a and ribavirin. After 52 weeks of combination therapy, the patients were randomized to receive either ribavirin at the same dosage or a placebo for a further 52 weeks. All patients were followed up for 24 weeks after the end of treatment. The main time points in the analysis were: baseline, 52 weeks (end of combination therapy), 78 weeks (6 months after the end of combination therapy), and 130 weeks (end of follow-up). The primary efficacy endpoint was (1) sustained virological response, defined as undetectable serum HCV RNA. The secondary endpoints were changes from baseline histology findings as assessed by (2) the METAVIR activity and fibrosis score at 52, 78, and 130 weeks; (3) alanine aminotransferase (ALT) values over time; (4) the number of rejection episodes and the severity of rejection; (5) the occurrence of other severe antiviral-related adverse effects.
the RNeasy silica membrane for RNA binding, and all contaminants were efficiently washed away. Pure, concentrated RNA was eluted in water and stored at −80 ∘ C.
Serum mRNA extraction was achieved using the QIAamp Viral RNA kit (QIAGEN, Courtaboeuf, France), as described by the manufacturer. Briefly, a serum sample was incubated with AVL buffer supplemented with Carrier RNA. After the addition of ethanol, the sample was applied to the QIAmp spin column and centrifuged. The column was then cleaned, and mRNA was eluted and stored at −80 ∘ C prior to analysis.
Reverse Transcription.
RNA was supplemented with the following mixture [oligo dT (Roche, Meylan, France) + RNAsin (PROMEGA, Charbonnières; France) + H 2 O], and then incubated at 70 ∘ C for 5 minutes. After further 5 minutes at room temperature, the following mixture [buffer 5X (Invitrogen, Cergy-Pontoise, France) + DTT (Invitrogen) + dNTPs 10 mM + RNeasy (PROMEGA) + Superscript (Invitrogen)] was added. This reaction was followed by an initial incubation step at 45 ∘ C for 60 minutes and a second incubation at 95 ∘ C for 5 minutes. Finally, H 2 O was added to obtain a concentration of 10 ng total RNA/1 L.
ABI PRISM 7000
Sequence Detection System. The quantification of transcripts from liver, serum, and PBMC samples was performed using real-time quantitative RT-PCR with the ABI PRISM R 7000 sequence detection system (Applied Biosystems, CA, USA). All primers were designed for real-time PCR (Table 1) and purchased from MWGBiotech (Germany). The mix was optimized for real-time PCR analysis using SYBR Green 1 Dye, AmpliTaq Gold DNA polymerase, dNTPs with UTP, Passive Reference 1 required for signal normalization, and optimized buffer components, in a total volume of 50 L. Each sample was run in a 96-well plate containing 94 primers by performing initial denaturation at 95 ∘ C for 5 minutes, after which PCR reactions were cycled 40 times as follows: 15 seconds at 95 ∘ C and 1 minute at 60 ∘ C. Fluorescence intensity was measured at the end of each elongation phase. Melting curve analysis was performed immediately after amplification, in accordance with the manufacturer's instructions. The amplification of liver cDNA was successfully repeated twice with cDNA from the same extraction.
Light
Cycler-Based PCR Assay. Genes whose expression level reached significance between the two groups of patients (SVR versus non-SVR) were further analyzed using light cycler-based PCR assay.
cDNA was synthesized from total RNA at a concentration of 100 ng/ L using oligo dT primers and superscript reverse transcriptase (GIBCO BRL). The quantification of transcripts from samples was confirmed by real-time quantitative RT-PCR using the light cycler system (Roche Diagnostics, Meylan, France). The PCR mixture contained the following: Taq polymerase, 1X of LightCycler-DNA master SYBRGreen I (Roche Diagnostics), 3 mM MgCl 2 , 0.5 mol/L of each primer, and 1 L of the cDNA preparation (patient cDNA samples), in a total volume of 20 L. Thirty-two samples were run in parallel by performing an initial denaturation at 95 ∘ C for 8 minutes, and then the PCR reactions were cycled 35 to 40 times as follows: 15 seconds at 95 ∘ C, 7 seconds at the appropriate annealing temperature (Table 2) , and 18 to 64 seconds at 72 ∘ C according to the length of the target sequence annealing (40 s at 58 ∘ C). Fluorescence intensity was measured at the end of each elongation phase. A melting curve analysis was performed immediately after amplification, following the manufacturer's instructions. 
Genes
Primers
2.7. Primers. All primers were designed for real-time PCR use and were purchased from MWG-Biotech (Table 2 ). The housekeeping genes -Actin, Ubiquitin, HPRT, and G3PDH were used as controls. Genes representative of the Treg population were chosen, such as CD4, a glycoprotein predominantly found on the surface of helper T-cells, CD25, the alpha subunit of Interleukin-2 receptor, FoxP3, a member of the forkhead/winged-helix family of transcriptional regulators [32] , CD127, the interleukin 7 receptor [33] that is specific to naturally occurring Treg (CD4 + CD25 high CD127 − Foxp3 + ), CD18, the integrin beta chain beta 2 [18] , and CD49b, an integrin alpha subunit specific of Tr1 cells [34] .
Cytometric Bead Array (CBA).
To detect cytokines in the serum samples from our patients, the BD CBA Human Th1/Th2/Th17 Cytokine Kit (Becton Dickinson, San Jose, CA) was used, as described by the manufacturer. The CBA assay permits simultaneous cytometric quantification of multiple cytokines in a sample by capturing them to spectrally distinct beads. Seven bead populations with distinct fluorescence intensities were coated with capture antibodies specific for IL-2, IL-4, IL-6, IL-10, TNF, IFN-, and IL-17A proteins. Human TH1/TH2/TH17 cytokine standards were reconstituted for 15 min in assay diluents, according to the manufacturer's immunofluorescence staining protocol. For all cytokine calibrator standards, serial dilutions were performed so that the serum was mixed with each human cytokine-capture bead combination, and then further incubated together with both the PE detection reagent and standard dilutions for 3 h at room temperature. The samples were then analyzed with a CANTO flow cytometer [35] , using FCAP Array software to generate the results. Specific controls containing FITC-and PE-conjugated antibodies were supplied by the manufacturer [35] and were performed before each experiment.
Data Interpretation and Statistics.
PCR results were analyzed using the "Relative Gene Expression Method, " as described elsewhere [33] . Briefly, individual CT values were normalized using the average CT values for housekeeping genes (ΔCT = CT − CT HKG ). Average ΔCT values for each group were then compared with the ΔCT values of the control group (S group) using Wilcoxon-Mann-Whitney statistics. Statistical tests associated with values lower than 0.05 were considered to be significant. For relevant genes, binary prognostic tests for the response to antiviral therapy were constructed. To do this, optimum cut-off values were determined according to Youden's index. The sensitivity and specificity of these tests were then computed. It should be recalled that in this setting, sensitivity was defined as the probability of a positive test at J0 for responders (at M18), while specificity was the probability of a negative test at J0 for nonresponders (at M18). Statistical analyses were performed using SAS software, version 9.1.
Results
Characteristics of the Study Population.
The study cohort comprised 27 patients from the 101 patients included in the TRANSPEG study that was designed to evaluate antiviral therapy in recurrent hepatitis C. Serum samples for the Treg analysis, and clinical data collected during the TRANSPEG study, were available for all of these 27 patients. Table 2 shows the demographic parameters of this population of 20 men and 7 women, with a median age of 56 years. METAVIR scores for fibrosis were distributed as follows:
1 in 15 patients, 2 in 8 patients, and 3, 4 in 3 and 1 patients, respectively. The patients were split into two groups in terms of their response to the primary criteria of the Transpeg protocol, that is, their virological response at 18 and 30 months (M) after inclusion. 62% of the 27 patients available were virological responders at M18 and continued to display a virological response at M30 (Table 3) . These rates were similar to those obtained for all the patients included in the Transpeg study. Because the SVR rates were identical at M18 and M30, we therefore considered SVR as the virological response obtained at M18 and analyzed the parameters relative to this response. Furthermore, as in the whole Transpeg study, maintenance therapy with ribavirin alone did not improve either the virological response or the histological parameters (data not shown). The characteristics of patients in both groups (responders and non-responders) at M18 are shown in Table 3 , Viral load, METAVIR score for fibrosis, immunosuppressive therapy, and donor age were similar in the two groups.
Serum Gene Expression of T Regulatory Markers at
Baseline. The serum expression of classic Treg markers was similar in patients with and without SVR (data not shown).
By contrast, Tr1 levels, as assessed by the expression of the CD49b surface marker, were significantly associated with SVR. Indeed, at baseline, serum CD49b gene expression levels (relative expression: −2.93 CD49b [min; max: −11.29; 1.56]) were significantly lower in patients who would develop SVR when compared to non-responders (relative expression: −0.21 CD49b [min, max: −5.29; +21.9], < 0.02) (Figure 2(a) ).
Using an optimum cutoff of relative expression of −1.40, the sensitivity of CD49b <-1.40 to predict SVR was 0.917 (92%) (0.646-0.985), the specificity was 0.583 (58%) (0.320-0.807), and the area under rOC Curve was 0.771 (95% CI: 0.576-0.966).
The serum expression of other Tr1 markers did not differ significantly between SVR and non-SVR patients. Nevertheless, although it was not significant, the relative expression (Figure 2(b) ).
Baseline Gene Expression of CD49b in PBMC.
PBMCs were only available from ten of the study patients. As with serum transcriptional analysis, the results of PBMC mRNA analysis using the light cycler system revealed a lower CD49b gene expression in patients with SVR, but the difference was not significant ( = 0.06) (Figure 2(c) ).
Baseline Gene Expression of CD49b in Liver Biopsy.
Like the findings in serum and PBMC, the CD49b gene expression levels obtained in seven biopsy samples obtained from the study groups using the light cycler system were lower in the responder group than in the non-responder group ( = 0.07) (Figure 2(d) ).
Peripheral Gene Expression of T Regulatory Markers at M12.
The relative expressions of the same genes were also analyzed at 12 months (end of first course of antiviral therapy and time of randomization for the second course), and we looked for a correlation between the level of expression and the outcome of treatment, namely, SVR at 18 and 30 months. Using the ABI PRISM R 7000 Sequence Detection System again, we found no association between the levels of all genes analyzed at 12 months and SVR at 18 and 30 months.
Cytometric Bead Array (CBA) at
Baseline. Cytokines (IL-2, IL-4, IL-6, IL-10, TNF, IFN-, and IL-17A) were also assessed using the Cytometric Bead Array technology in sera from the 27 patients. None of these cytokine levels reached statistical significance regarding a prediction of the response to antiviral therapy; nevertheless, although it was not statistically significant, for IL-10, serum concentration was lower in patients who would develop SVR (15 ± 5 ng/mL) when compared to nonresponders (22±12 ng/mL, = 0.075) (data not shown).
Discussion
We had recently observed that Treg markers were significantly enhanced in recurrent hepatitis C after LT and that Tr1 cell levels were specifically elevated in severe recurrent hepatitis C when compared to in mild recurrence [29] . The present study analyzed the potential correlation between regulatory T-cells, particularly Tr1, and the response to antiviral therapy after LT. This cohort study was extracted from a prospective clinical study designed to evaluate the treatment of recurrent HCV in liver transplant recipients. Serum samples were only available from 27 of the 101 patients included, but all data collected before, during, and after antiviral therapy were available for these patients. Initial (5) 3 (1) 4 (0) 1 (5) 2 (3) 3 (2) 4 (1) Donnor age > 40 53% 58% NS experiments were performed on sera; this choice was deliberate although not optimum, because more serum samples than PBMC were available from the TRANSPEG patients. The data obtained with the ABI PRISM R 7000 Sequence Detection System was validated using the light cycler-based PCR assay in sera, PBMC, and biopsies.
The findings of this study show for the first time that serum Tr1 gene expression levels, assessed from the expression of the surface marker CD49b before the introduction of antiviral therapy, were predictive of an SVR in patients with recurrent hepatitis C after LT. This result was confirmed in PBMC and liver biopsies obtained from the same patients, even if not statistically significant due to the poor number of samples. Patients with low Tr1 cell levels at baseline had a greater chance of a successful virological response than those with high Tr1 levels. Because HCV genotypes 1 and 4 are more resistant to antiviral therapy than 2 and 3, we checked that the predictive effect of CD49b on SVR was independent of the HCV genotype. It remains to be determined whether low Tr1 levels are constitutive or due to the patient's individual response to immunosuppressive therapy. Treg levels (CD4 + CD25 + Foxp3 + ) have already been evaluated during antiviral HCV therapy, and it has been suggested that they could predict the result of combination therapy [36] . We did not obtain this result in liver transplant recipients, probably because immunosuppressive therapy exerts a strong inhibitory effect on classical Tregs.
We hypothesize that Tr1 CD49b + cells play a role in failure of the immune response during HCV recurrence after liver transplantation and may also participate in the failure of antiviral therapy. CD49b assessment in serum is predictive of the response to antiviral therapy. This new tool may help to select liver transplant recipients with HCV recurrence as candidates for more intensive antiviral therapy. This is an important finding because a recurrence of HCV infection is almost universal after LT, leading to accelerated disease when compared to that seen in immunocompetent patients [37] and to impaired patient and allograft survival [38] , although some patients experience slow and progressive disease [35] . Moreover, pegylated interferon and ribavirin combination therapy in the transplant population is associated with serious adverse effects and a risk of rejection, with a sustained virological response rate reported as ranging from 26% to 48% [39, 40] . For this reason, antiviral therapy should be preferentially recommended in patients whose disease progression is highly predictive.
T-regulatory cells work, firstly, towards achieving tolerance of the graft [41] and secondly may enhance the severity of viral recurrence [42] . Our findings agree with these statements so that a patient with high Tr1 levels may appear to be at a greater risk of developing severe recurrent hepatitis C and with less chance of being treated effectively.
In the present study, CD49b was the only gene characterizing the Tr1 cell population as being associated significantly with the outcome of antiviral therapy. CD18, another specific marker for Tr1, was associated with CD49b in our previous study [29] , but in this case CD18 was not associated with the outcome of antiviral therapy, even if we have obtained a non significant higher relative gene expression of CD18 marker in non responder patients compared with responder ones. However, CD18 is a less specific marker of Tr1 than CD49b and it is expressed by numerous cell populations. In Tr1 cells, only a strong expression of CD18 is associated with CD49b expression [18, 34, 43] . Serum CD18 levels could have been influenced in different cell types by a variety of factors resulting in dissociation from CD49b, thus explaining why the difference between the low and high expression of CD18 was not discriminately identified by PCR analysis. Although these data are encouraging, we acknowledge several limitations concerning the validation of CD49b expression level by complementary techniques. However, we can reasonably assume that the result obtained by RT-QPCR on serum RNA concerning CD49b level could be relevant in the context of the liver tissue. Indeed, it should be noted that a preliminary study from our team [29] has already established a closed correlation between the CD49b gene expression in the serum and the expression level of CD49b in the liver. Moreover, because of the lack of numerous samples, it was not possible in this transcriptomic analysis to establish correlation between the different compartments studied, namely, serum, PBMC, and liver. However, we can assume that this correlation exists, since we published a previous study in which gene transcription was compared in 219 selected genes involved in the pathogenesis of HCV infection between sera, PBMCs, and liver samples collected simultaneously from five patients infected chronically. After amplification, significant correlations were observed between liver versus serum; liver versus PBMCs; and serum versus PBMCs [31] . In addition, a prospective trial is currently under way to confirm these data and to add functional assays, but the results will not be available for several years.
In conclusion, our results showed that the relative gene expression of CD49b was predictive of an SVR to treatment in the TRANSPEG study group. It is already well described in the literature that HCV genotypes 1 and 4 are more resistant to antiviral therapy than genotypes 2 and 3. We therefore verified whether this could influence our analysis, and if the difference shown was only due to responder genotypes, but in fact most of the responders were of genotypes 1 and 4. As expected, Tr1CD49b + cells were predictive factors for a treatment response but there was no correlation with the HCV genotype.
Thus, Tr1 CD49b + cells appear to play a role in failure of the immune response to HCV during its recurrence after LT and may also participate in the failure of antiviral therapy. Determining serum CD49b levels is predictive of the response to antiviral therapy. This new tool could be of value to select liver transplant recipients experiencing HCV recurrence as candidates for earlier and more intensive antiviral therapy. Further research is required to confirm these findings and particularly to verify whether CD49b is an independent predictive factor of response to antiviral therapy.
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